Inhibin, activin, and follistatin (FS) are gonadal proteins that appear to have a role in regulating folliculogenesis through possible paracrine and/or autocrine interactions. To further examine the potential role of activin in oocyte-granulosa cell communication, we developed a sensitive reverse transcription-polymerase chain reaction protocol to analyze mRNA for the ␣, ␤ A , and ␤ B inhibin/activin subunits, FS, and the four activin receptor subtypes in individual human and mouse oocytes. The resulting expression pattern was further compared to that in human cumulus granulosa cells.
INTRODUCTION
Mammalian folliculogenesis involves the developmental progression from primordial follicles, containing a single layer of granulosa cells surrounding an oocyte, to large preovulatory follicles consisting of multiple layers of mural granulosa cells enclosing a cumulus-oocyte complex. During this process, the enclosed oocyte undergoes cytoplasmic, then nuclear maturation, resulting in a fully competent oocyte arrested at the second meiotic metaphase by the time of ovulation. The entire process is regulated and coordinated by endocrine hormones such as the gonadotropins, and by local factors [1] [2] [3] that allow communication between somatic cells as well as between somatic cells and oocytes [4, 5] . In many cases, however, the molecular nature of these signals is only now being elucidated [6, 7] .
Inhibins and activins are members of the transforming growth factor ␤ (TGF␤) superfamily of growth and differentiation factors. Inhibins are heterodimers containing distantly related ␣ and ␤ (␤ A or ␤ B ) subunits, while activins are ␤-subunit homodimers [8] . Follistatin (FS) is a structurally unrelated monomeric protein with several alternatively spliced molecular forms (designated FS288 and FS315) that irreversibly bind activin and neutralize activin's biological effects [9, 10] . Like most of the TGF␤ superfamily, activin signals through two types of closely related transmembrane serine/ threonine kinase receptors (designated type I and type II), each represented by two isoforms (ActRIA/ActRIB and ActRIIA/ActRIIB, respectively) [11, 12] . Since a specific inhibin receptor has not yet been identified, and inhibin can bind to the activin type II receptor, it is currently thought that inhibin acts as a naturally occurring antagonist of activin [13] , although recent evidence suggests that inhibin may have a separate signal transduction pathway as well [14, 15] .
Inhibin is a gonadal hormone that inhibits the synthesis and release of pituitary FSH [8] , while both activin and inhibin regulate growth, proliferation, and differentiation through paracrine and/or autocrine actions in a variety of cell types including the gonads [2, 16, 17] . Both activin and inhibin modulate rat ovarian folliculogenesis in vivo [18] , while in vitro, activin has been shown to modulate FSH receptor and aromatase induction, inhibin production, and proliferation in granulosa cells [2] . More recently, activin was found to influence follicular organization in vitro. When administered with FSH, activin was found to induce formation of follicular structures from monolayer cultures of immature rat follicles [19] . Interestingly, this induction required the presence of an oocyte, suggesting that activin, acting directly or indirectly, induces oocytes to produce a follicle-organizing factor [6] . In addition, in vitro studies have indicated a role for activin in promoting meiotic and cytoplasmic maturation of the oocyte [20] [21] [22] as well as influencing the outcome of in vitro maturation and fertilization of bovine oocytes [23, 24] . Taken together, these studies suggest that oocytes respond to activin in at least two ways: 1) by producing one or more factors that regulate the organization and maturation of developing follicles and 2) by modulating its own maturation. However, it is presently unknown whether oocytes produce activin directly or respond in a paracrine fashion to granulosa-derived activin under in vivo conditions.
To determine whether oocytes can produce inhibin, activin, or FS and whether they possess type I receptors necessary for responding to activin, we examined mRNA expression of inhibin/activin subunits, FS, and the type I and II activin receptor subtypes in oocytes. These results were compared to the mRNA expression pattern in cumulus granulosa cells. To accomplish this largely single-cell an-TC # 312 alytical procedure, a highly sensitive and specific reverse transcription-polymerase chain reaction (RT-PCR) protocol was developed. Our results indicate that neither human nor mouse oocytes contain detectable levels of activin subunit mRNA but that they express a full complement of activin receptor subtype mRNAs, consistent with the capability of responding to, but not synthesizing, activin.
MATERIALS AND METHODS

Human Oocytes
Germinal vesicle (GV)-stage cumulus-oocyte complexes (COC) were obtained from women undergoing controlled ovarian hyperstimulation for in vitro fertilization. After suppression of endogenous gonadotropin with leuprolide acetate (Lupron; TAP Pharmaceuticals, Chicago, IL; 0.5 mg/ day, s.c.), patients were treated with human menopausal gonadotropin (Pergonal; Serono, Randolph, MA) and/or human FSH (Metrodin; Serono) to stimulate follicular development. When the lead follicle was equal to or greater than 16 mm in diameter, hCG (Profasi; Serono, Randolph, MA) was administered, and follicle aspiration was performed 36 h later. GV-stage oocytes isolated from the follicle aspirates that were not required for patient treatment were transported to the laboratory and processed as described below. This protocol was approved by the Massachusetts General Hospital Subcommittee on Human Studies, and informed consent was obtained from all patients.
COC were either processed within 2-3 h of aspiration or cultured for up to 24 h in IVF50 medium (Scandinavian IVF Science, Vero Beach, Florida), under 5% CO 2 at 37ЊC, until spontaneous maturation to metaphase 1 (M1) or metaphase 2 (M2). Before RNA extraction, oocytes were mechanically detached from the bulk of the cumulus mass and treated with hyaluronidase (200 IU/ml; Sigma), and all remaining granulosa cells were removed by repeat pipetting.
Mouse Oocytes and Embryos
Female B6C3F1 mice (22-43 days of age) were superovulated by administration of eCG (5 IU; Professional Compounding Centers of America, Houston, TX), followed by hCG (5 IU; Serono Laboratories, Norwell, MA) 48 h later. Mature (M2) oocytes were collected from the oviducts 16 h after hCG and denuded as described above. Fertilized eggs were obtained from females that were caged with males immediately after hCG induction. Fertilized eggs were cultured in IVF50 medium until the time of embryo hatching (3-5 days; preimplantation embryos). This protocol was approved by the Massachusetts General Hospital Subcommittee on Research Animal Care.
Total RNA Extraction
Individual denuded human oocytes or the detached cumulus mass was extracted with 500 l of Trizol (Gibco-BRL, Grand Island, NY) according to the manufacturer's protocol in the presence of 5 g Escherichia coli tRNA as a carrier. Mouse oocytes or embryos were similarly treated except that they were pooled into groups of 1-5 before extraction.
RT-PCR
The entire RNA sample extracted from oocytes, or 25-100% of the extracted cumulus RNA, was treated with DNase I (1 U; GibcoBRL) to remove DNA contamination; this was followed by first strand cDNA synthesis in a 20-l reaction containing 5 mM oligo(dT), 0.5 mM dNTP mix, and 100 U of SuperScript II (GibcoBRL). Complementary DNA-bound RNA was then removed by RNAse H (2 U; GibcoBRL) digestion at 37ЊC for 20 min. PCR was performed in a 25-l reaction containing an RT aliquot equivalent to approximately 10% of the RT reaction, 0.2 mM dNTP mix, 0.25-0.5 M upstream and downstream primers (each), 0.5 Ci [␣-32 P]CTP (3000 Ci/mmol; New England Nuclear, Boston, MA), and 1.25 U Taq polymerase in single-strength PCR buffer A (both from Fisher Scientific, Pittsburgh, PA). After denaturation at 94ЊC for 3 min, templates were amplified for 22 cycles using a temperature profile of 94ЊC, 58ЊC, and 72ЊC for 30 sec each in GeneAmp PCR System 9600 (Perkin Elmer, Norwalk, CT). Five microliters of single-strength reaction mix containing 1.25 U Taq was then added, and PCR was continued for additional 25 cycles. Ten microliters of the PCR product was resolved by electrophoresis on 5% polyacrylamide gels in single-strength Tris-borate-EDTA buffer and then autoradiographed for 1 h at Ϫ80ЊC. Quantitation of gels was performed by beta-counting radioactive gel bands. For each PCR product, an exponential relationship was observed between increasing RNA concentration and PCR product intensity, although for many targets, the conditions used in these studies were on the plateau phase of the amplification curve to maximize sensitivity.
Most of the primers used in this study for human or mouse FS, ␣, ␤ A , and ␤ B inhibin/activin subunits, the four activin receptor subtypes, and ␤-actin were previously described and demonstrated to provide single, specific PCR bands whose identities were confirmed by Southern blotting or direct sequencing [25] [26] [27] . The sequences of primers not previously utilized are listed in Table 1 , and their PCR products' identities were verified by subcloning (TA cloning kit; Invitrogen, San Diego, CA) and sequencing. A cDNA fragment of human growth-differentiation factor-9 (GDF9; [28] ) was cloned and sequenced by amplifying human oocyte cDNA with the mouse primers. The humanspecific primer set (Table 1) was positioned within this fragment. The FS primer set was designed to detect both alternatively spliced forms of FS; however, only FS315 was significantly amplified when both transcripts were present, although individual cDNAs of either form were successfully amplified. Thus, our results are reported as FS315.
All experiments included reactions in which the RT enzyme or cDNA template was omitted to eliminate the possibility of amplification from genomic DNA or contaminating template, and most primer sets crossed introns. In addition, no specific bands were detected in reactions containing the tRNA carrier alone. To confirm the integrity of the RNA templates and the RT-PCR protocol, ␤-actin was examined in all samples. Furthermore, zona pellucida 3 (ZP3) [29] and GDF9 [28] were amplified as oocyte-specific markers, while the ovary-specific transcript of the human P450 arom was used to ensure the absence of granulosa cell mRNA in the oocyte RNA extracts [30] . For transcripts that were negative in human oocytes, granulosa cell RNA was used as the positive control, while mouse ovary total RNA was used as a positive control sample for mouse oocytes. Mouse embryos were analyzed as a control for the sensitivity of the PCR for targets that were undetectable in oocytes.
Data Analysis
Background, as determined by counting the no-template control lane, was subtracted from each target signal, and the results were grouped as mean Ϯ SEM, collectively or according to the maturation stage of the oocyte. Samples that produced a negative or weak ␤-actin signal, or showed contamination in reverse transcriptase-or template-deleted controls, were excluded from analysis. Human oocyte samples that produced a strong P450 arom signal were considered to include granulosa cell RNA, and data for these were deleted. Experiments in which mouse ovary RNA failed to produce positive signals were also excluded. Statistical differences between maturation groups were determined using Mann-Whitney U test. Differences were considered significant at p Ͻ 0.05. For comparison of human oocytes with cumulus cells and with mouse oocytes and embryos, the number of samples in which each target was detected by autoradiography was reported as a percentage of the total number of samples.
RESULTS
The PCR product for each target from individual human oocytes was distinguishable from that of cumulus cells, both in absolute amount (Fig. 1 ) and in the fraction of samples expressing each target (Table 2) , the latter being an indication of the relative abundance of an individual transcript. Specifically, neither ␤ A -nor ␤ B -subunit mRNA was detectable in any oocyte, while low levels of ␣-subunit mRNA were detected in only 11% of human oocytes. FS315 mRNA was detected in 95% of human oocytes, but the signal intensity was relatively low compared to that in cumulus cells. On the other hand, robust signals were detected for activin receptor subtype transcripts in nearly all oocytes (88-100%). As expected, high levels of ZP3 and GDF9 mRNAs characterized all oocytes. Cumulus cells, on the other hand, expressed all inhibin/activin system targets examined, including the three inhibin subunits, FS315, and all four activin receptors. In these cells the PCR product signal intensity among FS and the inhibin/activin subunits showed the profile Inh-␣ Ͼ FS315 ϭ ␤ A ϾϾ ␤ B , the latter being undetectable in 20% of the samples. Surprisingly, low TC # 312 Figure 1 were analyzed by maturational stage. ActRIIB and ActRIB mRNA levels are lower in M1 oocytes, and at M2 they return to levels seen in GV oocytes. ActRIIA mRNA levels decrease from GV to M1 and remain at that level at M2. a) GV-M1, p ϭ 0.05; GV-M2, p Ͻ 0.05; M1-M2, ns; b) GV-M1, p Ͻ 0.05; GV-M2, ns; M1-M2, p Ͻ 0.05; c) GV-M1, ns; GV-M2, ns; M1-M2, p Ͻ 0.05. ns, Not significant. levels of GDF9 and ZP3 mRNA, which were included as ''oocyte-specific'' markers, were observed in 40% and 80% (respectively) of the cumulus samples.
Expression of activin receptor subtype and FS315 mRNA was examined during oocyte meiotic maturation (Fig. 2) . All mRNA species examined were detectable at all three nuclear maturational stages. However, the steadystate mRNA levels for ActRIIA, ActRIIB, and ActRIB appeared to vary during maturation. In particular, the ActRIIB PCR product signal intensity was lower (p Ͻ 0.05) in M1 oocytes compared to either GV or M2 oocytes, while for ActRIB, the PCR signal intensity was lower in M1 oocytes than in M2 oocytes (p Ͻ 0.05). For ActRIIA, the PCR product in GV oocytes appeared to be higher than that in either M1 or M2 oocytes (p ϭ 0.05 and p Ͻ 0.05, respectively).
Like human oocytes, mouse oocytes did not express inhibin/activin subunits. However, in contrast to findings in human oocytes, FS315 transcripts were not detected in mouse oocytes (Table 2 ) despite their easy detection in mouse ovary RNA (data not shown). In contrast, 50-75% of hatching-stage blastocysts expressed the activin ␤ A and ␤ B subunits and FS315, but not ␣-subunit mRNA. All four activin receptor subtype mRNAs were present in both oocytes and embryos, and their detection frequencies were comparable between mouse oocytes, blastocysts, and human oocytes. As expected, high levels of GDF9 and ZP3 were found in all mouse oocyte samples, but neither was found in embryos.
DISCUSSION
To further examine the hypothesis that activin is an intrafollicular paracrine signal between granulosa cells and oocytes, we examined mRNA levels of the inhibin/activin subunits, FS315, and activin receptors in individual human oocytes to determine which of these molecules are synthesized. While mRNAs for each of the four activin receptor subtypes were easily detected, we found no significant mRNA for any of the inhibin/activin subunits, suggesting that neither inhibin nor activin is produced by oocytes. On the other hand, all mRNAs examined were found in cumulus cells, suggesting that these cells are the primary source of activin within the growing follicle. Thus, the presence of activin receptor mRNA, but the absence of activin subunit transcripts, suggests that oocytes are capable of receiving an activin signal emitted by surrounding cumulus cells, but not of transmitting one. These results are consistent with the recent observation that bovine COC secrete significant amounts of activin whereas no activin was detectable from denuded oocytes [24] .
Inhibin/activin subunit, activin receptor, and FS mRNA levels were also investigated in mouse oocytes so that we could examine these undetectable targets at the greater RNA concentrations afforded by the more readily available mouse oocytes. Interestingly, the only difference between mouse and human oocytes in this analysis was the presence of FS mRNA in human but not mouse oocytes. The mouse primers were located identically to the human primers, and the FS gene is highly conserved between species, so this difference is not likely due to differences in PCR sensitivity. Moreover, FS mRNA was detected in mouse embryos as well as in adult ovaries, both of which served as positive controls. FS has been previously demonstrated to bind activin nearly irreversibly and to neutralize activin's bioactivity [9, 10] . Thus, if the FS mRNA in human oocytes is translated, this difference in FS expression might make human oocytes more resistant to the effects of activin relative to mouse oocytes, or limit the time over which activin can exert its signal.
Using a highly sensitive, single-oocyte RT-PCR approach, we were unable to detect inhibin/activin subunit mRNA in human or mouse oocytes. Since we meticulously removed all cumulus cells before oocyte extraction, our RT-PCR results should reflect transcripts of oocyte origin as opposed to surrounding tissue. This is critical, since we were able to detect evidence of granulosa cell contamination of oocyte mRNA when as few as 5 granulosa cells remained attached to the oocyte before extraction. To ensure that only oocyte mRNA was analyzed in our study, oocyte RNA samples were examined for the ovarian form of aromatase [30] , and all samples were deleted in which significant aromatase was detected. Thus, differences between our results and those in previous reports of activin subunit mRNA in oocytes using RT-PCR may be accounted for by residual granulosa cells adhering to oocytes at the time of extraction, since the oocytes were not individually examined before extraction and ovarian control PCR reactions were not performed [31, 32] . Furthermore, our failure to detect inhibin/activin subunit mRNA in oocytes is consistent with previous in situ hybridization studies [33] . On the other hand, the immunohistochemical detection of inhibin/activin subunit proteins in both oocytes and COC [32, 33] might represent activin and/or inhibin from granulosa cells bound to cell surface receptors on oocytes or internalized after receptor binding. Taken together, these results support the concept that granulosa cell-derived activin acts as a paracrine signal in developing oocytes.
Although ActRIIA and ActRIIB mRNAs have been previously demonstrated in mouse and rat oocytes [34] [35] [36] , we provide evidence for the expression of these receptors in human oocytes, as well as detection of both ActRIA and ActRIB in mouse and human oocytes. Since type I and II receptors are both necessary for activin signal transduction [11] , these findings provide support for the ability of oocytes to respond to activin during the maturation process.
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The recent immunocytochemical identification of type II activin receptors on mouse oocytes further supports this concept [32] .
In our experiments, the PCR product from activin receptors appeared to vary significantly across oocyte meiotic maturational stages. ActRIIB and ActRIB mRNA levels were significantly lower at M1 compared to either GV or M2. ActRIIA mRNA, on the other hand, was lower at M1 but remained reduced at M2. To examine these potentially quantitative relationships more closely, we repeated these experiments on a smaller group of human oocytes using a semiquantitative RT-PCR protocol with amplification in the exponential range for each target. We observed a similar receptor mRNA pattern across maturational stages, although it did not reach significance due to the limited number of available oocytes (data not shown). Initially, this increase in mRNA at M2 seemed paradoxical, since RNA transcription ends with oocyte nuclear maturation [37] . However, our RT procedure utilized oligo(dT) to prime cDNA synthesis and therefore presumably detected only polyadenylated transcripts. Moreover, ActRIIA mRNA has been previously demonstrated to undergo cytoplasmic polyadenylation during oocyte maturation and early embryonic development [38] . Therefore, one explanation for higher mRNA levels at M2 is the cytoplasmic polyadenylation of ActRIIB and ActRIB late in oocyte nuclear maturation, resulting in increased detection by our RT method. These observations suggest that an increase in mRNA for both receptor subtypes at M2 might help prepare the oocyte for detection of activin signals during early embryonic development.
In comparison to signals obtained from oocytes, we detected relatively low levels of both ZP3 and GDF9 mRNAs in human cumulus cells. While both ZP3 and GDF9 appear to be oocyte specific in mice [28, 39] , several investigators have observed ZP3 mRNA and/or protein in granulosa cells from other species, including humans [40] [41] [42] . Thus, ZP3 mRNA detection in human granulosa-lutein cells is consistent with these earlier observations and demonstrates that human granulosa cells, like those from pigs and rabbits, can synthesize ZP3.
Using RT-PCR on RNA recovered from individual human oocytes, the results presented here provide some novel insights into biosynthesis of inhibin/activin subunits, FS, and activin receptors at the mRNA level. Our results suggest that oocytes could respond to an activin signal emanating from surrounding granulosa cells but that oocytes themselves do not make or secrete inhibin or activin. Taken together with the observation that treatment of immature rat follicles with activin and FSH stimulated oocytes to produce a follicle-organizing activity in vitro [6] , our results suggest that granulosa cells modulate some aspects of oocyte function by secreting activin, which in turn regulates granulosa cell and follicular development and maturation. The biochemical nature of these activin-responsive signals therefore merits further investigation.
